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Abstract Artificial ocean iron fertilization (OIF) enhances phytoplankton productivity and is being
explored as a means of sequestering anthropogenic carbon within the deep ocean. To be considered
successful, carbon should be exported from the surface ocean and isolated from the atmosphere for an
extended period (e.g., the Intergovernmental Panel on Climate Change’s standard 100 year time horizon).
This study assesses the impact of deep circulation on carbon sequestered by OIF in the Southern Ocean, a
high-nutrient low-chlorophyll region known to be iron stressed. A Lagrangian particle-tracking approach is
employed to analyze water mass trajectories over a 100 year simulation. By the end of the experiment, for a
sequestration depth of 1000 m, 66% of the carbon had been reexposed to the atmosphere, taking an
average of 37.8 years. Upwelling occurs predominately within the Antarctic Circumpolar Current due to
Ekman suction and topography. These results emphasize that successful OIF is dependent on the physical
circulation, as well as the biogeochemistry.
1. Introduction
The Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC AR5) states that the cli-
mate has and is warming, unequivocally, and we can now be 95–100% certain that since the midtwentieth
century, it is primarily due to anthropogenic influence [Intergovernmental Panel on Climate Change (IPCC),
Working Group I (WGI), 2013]. Against this backdrop of increasing greenhouse gas emissions and global cli-
mate change, a number of schemes have been proposed to “geoengineer" the Earth’s climate. Ocean iron
fertilization (OIF) is one such scheme aimed at modifying the biogeochemical cycle of carbon in the ocean
in order to increase the oceanic uptake of CO2. OIF is intended to artificially stimulate the biological pump
by exploiting the surplus macronutrients found in so-called high-nutrient low-chlorophyll (HNLC) regions
where biological activity is restricted by the availability of the micronutrient iron [Martin, 1990]. The
Southern Ocean (SO) is by far the largest expanse of HNLC waters and is iron stressed because overlying
air masses circle the Earth in a latitude band that has sparse landmass and thus supplies little iron-rich
aeolian dust. Consequently, the SO has been identified as a particularly favorable location for OIF [Lampitt
et al., 2008].
In the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4) successful iron
fertilization is divided into phases, of which artificial stimulation of a surface phytoplankton bloom is only
the first. For the second phase, a proportion of the particulate organic carbon (POC) produced must sink
down the water column and reach the main thermocline or deeper before being remineralized. Finally,
the third phase is long-term sequestration of the carbon at depth out of contact with the atmosphere.
Characterizing the relevant time and space scales for sequestration is not a wholly objective procedure
[Leinen, 2008]. Nonetheless, the 100 year time scale adopted in IPCC forecasting is frequently used [Oschlies
et al., 2010; Rickels et al., 2010], and the typical depth of the main thermocline, 1000 m [IPCC, WGI, 2007,
chapter 5], serves as a vertical horizon clearly removed from the surface ocean and atmosphere [Passow and
Carlson, 2012].
Here we investigate these spatiotemporal scales, specifically the long-term fate of carbon that reaches the
deep ocean. Model simulations of the trajectories of Lagrangian particles associated with geoengineered
carbon are performed to establish the fate of such material. Statistical analysis of the resulting deep ocean
pathways is then used to evaluate carbon sequestration in the SO, with a particular focus on the significance
of the 1000 m depth horizon and centennial time scale.
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2. Methodology
The Nucleus for European Modelling of the Ocean (NEMO) model is an ocean general circulation model
(GCM). The NEMO 1/4◦ resolution model has been developed with particular emphasis on realistic represen-
tation of fine-scale circulation patterns [Madec, 2008] and provides an ideal platform to conduct Lagrangian
particle-tracking experiments. Here we use 10 years of monthly averaged circulation output from 1997 to
2006 that we cycle 10 times to create a 100 year simulation. The Ariane package [Blanke and Raynaud, 1997]
(available online at: http://stockage.univ-brest.fr/~grima/Ariane) is applied to the resulting 100 year NEMO
velocity field to track water parcels using point particles that are released into the modeled ocean circula-
tion [Popova et al., 2013]. These particles are intended here to represent water masses within which sinking
POC, produced through the activities of surface OIF, has been remineralized to dissolved inorganic carbon.
They should not be confused with actual POC particles, since their modeled behavior (neutral buoyancy and
indefinite lifespan) does not emulate that of sinking biogenic material.
To test the suitability of the 1000 m minimum depth recommendation by the IPCC AR4 [IPCC WGI, 2007,
chapter 5; IPCC WGIII, 2007, chapter 11] for OIF, we deploy Lagrangian particles across the SO at a depth
of 1000 m. Particles are placed south of the midpoint between the nitrate maxima to the south and
nitrate-depleted waters to the north, which represents the northern limit of the HNLC region in the SO. The
particles are spaced regularly across the model grid, and, accounting for bathymetric features shallower
than 1000 m, this gives a total of 24982 particles, a sufficient number to resolve SO water mass path-
ways. During the 100 year simulation, particle trajectories (horizontal position and depth) are recorded at
monthly intervals.
The upper mixed layer (UML) of the ocean is characterized by vigorous mixing and near-homogeneous
physical and biogeochemical properties and represents the volume of water in close contact with the atmo-
sphere [Sprintall and Cronin, 2009]. Here we use the base of the UML, referred to as the mixed layer depth
(MLD), as the key boundary to separate failed and successful carbon sequestration, judging any Lagrangian
trajectories that enter the UML as potential pathways for OIF carbon to escape back in to the atmosphere. In
our analysis we specifically define our boundary, MLDX, as the modeled (local) mean annual maximumMLD
rather than instantaneous MLD. The advantage of this approach is that it uses a single horizon to determine
leakage of OIF carbon, however, a sensitivity analysis was performed using the maximum annual maximum
depth of the MLD and also the actual monthly MLD which only minimally altered the results.
The accuracy of the model-derived MLD was examined by comparison with the MLD calculated fromWorld
Ocean Atlas (WOA) 2009 fields of temperature [Locarnini et al., 2010] and salinity [Antonov et al., 2010],
using two criteria: a density change of 0.125 (sigma units) and a variable density change corresponding to
a temperature change of 0.5◦C [Monterey and Levitus, 1997], both calculated 10 m from the surface to avoid
complications with ice cover. Repeating our central analysis using an observation-derived MLDX, we found
that the difference between using the WOA- and NEMO-calculated MLDX to be relatively small. Therefore,
and since it is consistent with NEMO’s velocity field, we refer only to the NEMO-derived MLDX in the rest of
this paper, which was determined using the density calculation method with a critical value of 0.01 (sigma
units). Full details on the MLDX sensitivity analysis and comparison with observations, including the global
and SO mean MLD, can be found in Tables S1 and S2 in the supporting information. Additionally, Figure S1
in the supporting information shows the NEMO-derived mean annual maximum MLD that is used in the
analysis, MLDX, referred to as NEMO Diagnostic (Sigma, 0.01) in Table S2.
3. Results
Of the 24982 Lagrangian particles that were injected into the SO at 1000 m, 66% were advected above
MLDX taking an average of 37.8 (𝜎 = 22.2) years. In Figure 1 each marker represents the location where a
particle crossed the MLDX boundary, with the color indicating the time in years. The most significant fea-
ture of Figure 1 is the large-scale sequestration failure within the SO, which accounts for the majority (97%)
of all leakage into the UML (average: 37.4 (𝜎 = 22.2) years to fail). The particle advection into the UML can be
attributed to the Antarctic Circumpolar Current (ACC), which circulates Antarctica in an eastward direction
[Rintoul, 2011]. Lagrangian particles caught in the ACC are transported across MLDX as the current is forced
up and over sea floor topography, predominately the Scotia Ridge Arc System and the Kerguelen Plateau.
The deep dense water (containing the particles at 1000 m) is mixed with the overlying lighter water mass,
gaining buoyancy and gradually transporting the particles above MLDX. In addition to advection into the
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Figure 1. Colored markers represent locations where the Lagrangian particles enter the upper mixed layer. The color of
a marker represents the time (years) it took to reach the upper mixed layer within the 100 year run.
UML, there is also Ekman suction occurring in the SO, which upwells the particles south of the Westerlies
wind stress maximum over the axis of the ACC [Sarmiento and Gruber, 2006]. This is particularly visible in the
Pacific and Atlantic sectors of Figure 1, between the latitude bands of 55◦S–65◦S.
The SO has a particularly energetic circulation connecting the three major ocean basins. Consequently, in
our experiment the geographical extent of the particles trajectories covers the entire global ocean (see
1000 m and 2000 m Movies S1 and S2 in the supporting information). By studying the trajectories of
successfully sequestered particles it becomes apparent that there is no well-defined deep advective
pathway out of the SO. Instead, particle advection out of the SO is distributed relatively evenly across all
longitudes, not including the western boundary currents. Figure 2 indicates the density of trajectories of
particles that remained sequestered for the entire 100 year simulation. In Figure 2 the highest density of
sequestered particle trajectories is within the Ross Gyre, which suggests that this location may facilitate
carbon sequestration. In our model the Ross Gyre feeds Lagrangian particles into the narrow westward
bound Antarctic Slope Current (ASC). Once within the ASC, particles can be entrained into Antarctic Bottom
Water via deep-water formation along the slopes of the Antarctic continent [Nicholls et al., 2009].
Figure 3a illustrates geographical patterns in the time taken for failed particles to be advected across MLDX,
relative to their starting positions. The Weddell Gyre is a prominent feature within Figure 3a, where the time
taken for particles to fail is longest in the center of the gyre, and then decreases toward its periphery. This
pattern occurs because particles starting in the Weddell Gyre become trapped in its strong cyclonic motion
Figure 2. Time-integrated (0–100 years) census of successfully sequestered particles to illustrate their horizontal
dispersal. Colors denote the cumulative “density” of particle trajectories based on monthly position throughout the
simulation. Note that, for clarity, the color scale is shown in log units.
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Figure 3. (a) Markers are located at the initial positions of unsuccessful Lagrangian particles at the beginning of the 100
year simulation. The color of a marker represents the time (years) at which the Lagrangian particle breached the mixed
layer depth. Particles that did not upwell during the simulation are not included in the plot. (b) Efficiency of sequestra-
tion based on the criterion that a particle has to remain below the upper mixed layer to be classed as sequestered. The
color of each 5◦ ×5◦ grid cell represents the percentage of particles initially in that cell which remain sequestered for the
entire 100 year simulation. Grid cells with fewer than 10 particles have not been included in the plot.
[Williams and Follows, 2011] which prolongs upwelling to an average of 55.2 years (𝜎 = 20.8) in the core of
the gyre (experiment average: 37.8 years, 𝜎 = 22.2). Of the particles that start in the Weddell Sea, 85% are
advected into the UML, which is the highest failure rate of any region within the SO. The Ross Gyre is also
a prominent feature in Figure 3a, though unlike the Weddell Gyre, this location may instead be suitable
for OIF due to the connection with the ASC and consequent deep-water formation along the edge of the
continental shelf.
Aside from the Weddell and Ross Gyres, there is little clustering within Figure 3a which suggests that par-
ticles that start next to each other in the experiment can experience radically different fates. This high
sensitivity to initial conditions may be attributed to the vigorous circulation of the SO which has a number
of meandering fronts particularly between the latitude bands of 60◦S and 40◦S [Rintoul, 2011].
Based on our criterion for carbon sequestration, Figure 3b shows the geographical distribution of seques-
tration efficiency, indicating how much sequestration results from particles seeded in each area. As in
Figure 3a, the Ross Sea shows up as an area that has high rates of success, while the Weddell Sea is a mix-
ture of areas of relatively high (center of the gyre) and low (peripheral regions) sequestration. A notable
low efficiency patch in Figure 3b occurs at roughly 45◦E and 60◦S. Particles starting in this location become
trapped in the ACC eastbound flow and consequently are lifted up and over the Kerguelen Plateau. Note
that sequestration efficiency here relates to the 100 year window of our simulation, and that numerous
particles ostensibly sequestered here might escape in a longer simulation.
Having studied the depth criterion (1000 m) suggested by the IPCC AR4, we conducted a sensitivity experi-
ment that injected Lagrangian particles at a depth of 2000 m. By the end of this experiment (100 years), only
29% of the particles had breached MLDX taking an average time of 58.4 years (𝜎 = 22.1), with 71% of the
particles remaining sequestered for the entire simulation. Further analysis revealed that, of the 29% of parti-
cles that did upwell, the vast majority (98%) were again upwelled within the SO, with an average time scale
of 58.3 years (𝜎 = 22.1).
4. Discussion
The SO has been repeatedly highlighted as the best area for OIF as it is the largest HNLC region on earth,
with potential for large-scale OIF leading to a noticeable impact on atmospheric CO2 concentrations
[Lampitt et al., 2008]. From the paleorecord it is evident that the SO plays a key role in regulating atmo-
spheric CO2 content, potentially sequestrating up to 100 Pg C in the past [Kohfeld et al., 2005]. Consequently,
the SO has been the site of a number of iron addition experiments [Boyd et al., 2012] which generally
suggest that OIF does result in enhanced export at the time of fertilization.
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Based on these experiments, this study assumes that OIF can enhance export of POC to depth and assesses
the impact of ocean circulation on the efficiency of intentional OIF in the SO, specifically focusing on how
much deep-sequestered carbon is brought back into contact with the atmosphere downstream of the fer-
tilization site. In our 1000 m experiment, designed to trace the fate of the sequestered carbon for 100 years,
66% was upwelled into the UML on a mean time scale of 37.8 (𝜎 = 22.2) years (Figure 2). The majority (97%)
of the carbon brought back into contact with the atmosphere is upwelled within the SO, taking an average
time scale of 37.4 (𝜎 = 22.2) years. Such a “leakage” within the vicinity of the fertilization patch questions
whether the SO is as good a location for OIF as initially thought.
However, even if the carbon is leaked into the UML there is no guarantee that it would be immediately
outgassed. To try and assess the robustness of the fail criteria used in the analysis, the percent failed was
recalculated, but allowing the particles 12 consecutive months in the UML without being classed as failed
so long as they are resubducted beneath MLDX within a year. This only reduced the failure rate by 4%,
which suggests that advection into the UML generally results in a long stay in the mixed layer, which greatly
increases the risk of outgassing. However, if the carbon is brought back to the surface, one must assume
so too is the Fe associated with it; however, this is highly dependent on the time scales of upwelling, and
whether this Fe would be bioavailable for further fertilization is nontrivial [Jiang et al., 2013].
Focusing on successful sequestration for 100 years in our experiment, Figure 2 illustrates the wide geo-
graphical extent of the sequestered carbon dispersed by ocean circulation. At the end of the 100 years,
only 46% of the sequestered carbon initialized at 1000 m remained within the SO, with the fraction being
slightly higher (56%) for the 2000 m experiment. The dispersion evident in our results demands highly
sophisticated methods of observation and modeling if validation of carbon sequestration is to be carried
out to an acceptable level. In any future commercialization of OIF, the fraction of the sequestered carbon
which remains in the deep ocean must be properly estimated [Rickels et al., 2010]. However, as Figure 2
illustrates, the global-scale dispersal of over half of the sequestered carbon presents serious logistical dif-
ficulties for monitoring. Furthermore, this dispersal may additionally interfere with attempts to attribute
ownership and to allocate carbon credits appropriately (see 1000 m and 2000 m Movies S1 and S2 in the
supporting information).
To date, intentional OIF has been examined in a number of modeling studies employing different criteria to
quantify the efficacy of OIF (Table S3 in the supporting information), such as the overall reduction in atmo-
spheric CO2 by the end of the simulation [Aumont and Bopp, 2006] or the cumulative CO2 uptake divided by
the cumulative iron addition [Sarmiento et al., 2010]. These studies have effectively assessed OIF efficiency
end to end: the impact on primary production, the impact on export of POC to the deep ocean, and the
downstream return of carbon to the surface ocean. Our study is unique in that it separates out the impact
of ocean circulation from other biogeochemical aspects of OIF to focus solely on phase 3 of OIF and the
long-term fate of carbon that has ostensibly been sequestered to depth.
A number of studies [Aumont and Bopp, 2006; Oschlies et al., 2010; Sarmiento et al., 2010] report a high pro-
portion of the sequestered carbon being reexposed to the atmosphere over a long time scale; however,
the processes or time scales in these models were not discussed. A particular advantage of our study is the
use of a much higher resolution 1/4◦ physical model. This provides an improved representation of impor-
tant fine-scale circulation features that are not present in the coarse-resolution models (2◦–3◦) previously
employed for OIF studies (see Table S3 in the supporting information). As our study highlights the impor-
tance of the circulation in determining global efficiency of OIF, this suggests that models of even higher
resolution may be required for an accurate assessment of the geoengineering potential of OIF.
In a related study, which does discuss sequestration time scales, DeVries et al. [2012] find a biological pump
sequestration efficiency over 100 years globally of about 0.3 (i.e., 30%) [DeVries et al., 2012, Figure 3c], with
higher efficiency in small regions, such as the Weddell Sea—results not dissimilar to those in this paper.
However, their study does not address the question of OIF explicitly and is carried out with a steady state
ocean circulation model at low resolution (2◦).
Figure 4 compares the 1000 m and 2000 m experiments, showing a decadal time series of the fraction of
carbon remaining below the UML. Unsurprisingly, carbon exported to depths of 2000 m has a significantly
higher probability of remaining sequestered for a period of 100 years than carbon exported to only 1000 m
depth. As only relatively modest sequestration of carbon reaching 1000 m occurs, this would suggest
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Figure 4. Decadal time series showing the number of parti-
cles that remain successfully sequestered below the upper
mixed layer for both the 1000 m (green line) and 2000 m
(blue line) experiments.
that 1000 m is insufficient as an ocean-wide stan-
dard for carbon sequestration and that deeper
depth horizons are necessary to provide more
reliable sequestration on a centennial time scale,
for in the SO at least. This raises the question of
how difficult is it to ensure such depth of export
and sequestration. de Baar et al. [2008] state that
below 100–250 m, particulate matter is vigorously
respired and remineralized by bacteria so that on
average only 1–10% of the sinking particulates
reach depths below 1000 m. Using the Martin et
al. [1987] export curve, we can estimate that of
the sinking material from 100m, 14% makes it to
1000 m and 8% reaches 2000 m, which means that
while more than 85% of the sinking flux is lost by
1000 m, the flux is decreased by less than a half
between 1000 m and 2000 m. By choosing 2000 m
as a reference depth, the 45% loss in exported
material can be compensated by 40% gain in
reducing advective leakage. This would increase the estimated efficiency of intentional OIF when the role of
ocean circulation is taken into account. However, it is important to note that theMartin et al. [1987] curve is
based on observations from the oligotrophic Pacific, whereas a recent experiment in a SO mesoscale eddy
concluded that—in contrast—over 50% of the biomass was exported below 1000 m [Smetacek et al., 2012].
There are several caveats for our work. One is that our experiments use present-day ocean circulation and
do not take into account future climate change which is widely anticipated to have a significant impact on
ocean circulation and mixing. The most pronounced impact on the conclusions of this study could be the
effects of a warming ocean and freshening at middle to high latitudes, both of which will tend to increase
vertical stratification [Doney et al., 2012; Sallée et al., 2013]. Within the framework of our experiments,
increased stratification would potentially decrease the amount of carbon reexposed to the atmosphere and
increase efficiency estimates. More generally, our work uses the ocean circulation from a single model at a
single resolution. Future work involving a variety of models with varying resolutions, as well as using circu-
lation fields from simulations that extend into perturbed projections of the 21st century ocean, may help
resolve these uncertainties.
5. Conclusions
1. The export of carbon to a depth of 1000 m in the Southern Ocean does not guarantee its sequestration
within the ocean for a period of 100 years.
2. More than 66% of sequestered carbon returns into contact with the atmosphere within 100 years, with a
mean time scale of 37.8 years.
3. Within 100 years, carbon originally sequestered in the Southern Ocean is redistributed throughout the
world ocean, with implications for monitoring.
4. The chaotic nature of Antarctic Circumpolar Current flow causes sequestered carbon initially in close
proximity to be unpredictably and widely dispersed to different fates.
5. Carbon exported to 2000 m experiences lower leakage to the atmosphere (29%), suggesting that more
stringent depth criteria may facilitate more accurate carbon credits systems.
6. Considering physical transport is just as critical as biogeochemical processes when evaluating the
efficiency of OIF schemes.
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